Stem cell factor (SCF) plays important roles in hematopoiesis and the survival, proliferation, and differentiation of mast cells, melanocytes, and germ cells. SCF mediates its biological effects by binding to and activating a receptor tyrosine kinase designated c-kit or SCF receptor. In this report we describe the 2.3-Å crystal structure of the functional core of recombinant human SCF. SCF is a noncovalent homodimer composed of two slightly wedged protomers. Each SCF protomer exhibits an antiparallel four-helix bundle fold. Dimerization is mediated by extensive polar and nonpolar interactions between the two protomers with a large buried surface area. Finally, we have identified a hydrophobic crevice and a charged region at the tail of each protomer that functions as a potential receptor-binding site. On the basis of these observations, a model for SCF⅐c-kit complex formation and dimerization is proposed.
Stem cell factor (SCF) plays important roles in hematopoiesis and the survival, proliferation, and differentiation of mast cells, melanocytes, and germ cells. SCF mediates its biological effects by binding to and activating a receptor tyrosine kinase designated c-kit or SCF receptor. In this report we describe the 2.3-Å crystal structure of the functional core of recombinant human SCF. SCF is a noncovalent homodimer composed of two slightly wedged protomers. Each SCF protomer exhibits an antiparallel four-helix bundle fold. Dimerization is mediated by extensive polar and nonpolar interactions between the two protomers with a large buried surface area. Finally, we have identified a hydrophobic crevice and a charged region at the tail of each protomer that functions as a potential receptor-binding site. On the basis of these observations, a model for SCF⅐c-kit complex formation and dimerization is proposed. S tem cell factor (SCF) is a growth factor that stimulates the survival, proliferation, and differentiation of hematopoietic cells. SCF is critical for mast cell production and function and plays an important role in the development of melanocytes, germ cells, and intestinal pacemaker cells (1) . SCF is also known as mast cell growth factor (MCGF) (2) , steel (Sl) factor (SLF) (3), or kit ligand (KL) (4) , and it elicits its biological functions by binding to and activating a cell surface receptor designated c-kit or SCF receptor (SCFR). c-kit belongs to the type III receptor tyrosine kinase (RTK) subfamily, whose members include platelet-derived growth factor (PDGF) receptors ␣ and ␤, macrophage colony-stimulating factor (M-CSF) receptor, and the f lt3 receptor. All members of this RTK family contain five immunoglobulin-like (Ig) domains in their extracellular ligand-binding domains followed by a single transmembrane domain and a cytoplasmic tyrosine kinase domain interrupted by a large kinase insert. Like other RTKs, SCF induces dimerization of c-kit followed by transautophosphorylation of the cytoplasmic protein tyrosine kinase domain, leading to subsequent recruitment of signaling proteins, tyrosine phosphorylation of substrates, and activation of multiple signaling pathways (5, 6) .
SCF exists naturally as membrane-anchored and soluble isoforms as a result of alternative RNA splicing and proteolytic processing (7, 8) . The soluble form of SCF has 165 amino acids, but its receptor-binding core has been mapped to the first 141 residues (9) . SCF functions as a noncovalent homodimer, but under physiological conditions, the majority of SCF exists as a monomer (10) . Dimerization of SCF is a dynamic process, and it may play a regulatory role in the control of SCFR binding affinity and receptor activation. In this report, we present the crystal structure of the SCF dimer. The structure of each protomer is a short chain four-helix bundle. The two protomers interact head-to-head to form an elongated, slightly bent dimer, and the dimeric interface is formed by extensive polar as well as nonpolar interactions. Determination of the structure of SCF is an important step in achieving a complete understanding of the structure of SCF in complex with SCFR and elucidation of its mechanism of action.
Materials and Methods
Protein Expression, Refolding, and Purification. SCF (residues 1-141) was expressed in Escherichia coli as inclusion bodies as described previously (11) . Inclusion bodies from 1 liter of bacterial culture were dissolved in 25-30 ml of 6 M guanidine hydrochloride solution. After the solution became clear, DTT was added to a final concentration of 40 mM and the mixture was incubated at 37°C for 30 min. The resulting solution was diluted into 4 liters of buffered solution (10 mM Tris⅐HCl, pH 8.5) and allowed to stand overnight. Refolded protein was purified by ion-exchange chromatography.
Crystallization and Data Collection. Crystals of SCF were grown by vapor diffusion at 20°C by using the hanging-drop method. Two crystal forms are produced. Orthorhombic crystals were grown by mixing 2 l of protein sample (Ϸ15-20 mg͞ml) with 2 l of reservoir consisting of Ϸ25-30% PEG 400, 0.25 M CaCl 2 , and 0.1 M Hepes (pH 7.0). Addition of 1 mM SmCl 3 to the protein solution produced the monoclinic crystals (a ϭ 36.15 Å, b ϭ 87.53 Å, c ϭ 79.43 Å, ␤ ϭ 97.76°) that were used in the structure determination (Table 1) .
Crystals for data collections were flash-frozen in liquid propane directly from the crystallization drops. Initial characterization of the SCF crystals was done at synchrotron beamlines X26C and X4A of the National Synchrotron Light Source, Brookhaven National Laboratory, and the final data collection was done at Argonne National Laboratory Structural Biology Center beamline 19-ID at the Advanced Photon Source. All data were processed by using DENZO, and the intensities were reduced and scaled by using SCALEPACK (12) .
Structure Determination, Model Building, and Refinement. A molecular replacement attempt with the data collected from the orthorhombic crystals by using a model built from the C ␣ atom positions of the human M-CSF (13) was not successful. Data used for the structure determination were collected from the monoclinic crystals at wavelengths 1.03 Å and 1.55 Å, which are not at the absorption edge of Sm. The anomalous signal was clear from Patterson difference maps. The heavy metal position refinement and phasing were done with PHASES (14) . Three Sm sites were used for phasing, whereas four Sm atoms were placed in the final model. Only short pieces of helices were visible from the initial solvent-flattened electron density map, and they were built into the density with program O (15) . Repeated cycles of model building and solvent flattening combined with partial structures were performed until most of all four molecules in the asymmetric unit were built. Subsequent refinements were carried out against the lower-energy (wavelength of 1.03 Å) diffraction data with Crystallography and NMR System (CNS) (16) . Refinement progress was monitored with the R free value, using a 10% randomly selected test data set, and residue positions were adjusted against 2F o Ϫ F c electron density maps. Table 1 gives the statistics of the final model, which contains 132 solvent molecules, four samarium ions, two calcium ions, and one Tris molecule. 
Results and Discussion
Structure Determination. The functional core of SCF, composed of amino acids 1-141 (9), was expressed in E. coli as inclusion bodies and refolded by denaturation and renaturation. Two crystal forms diffracting to better than 2-Å resolution were obtained (see Materials and Methods). Only the monoclinic crystals containing samarium ions were used for structure determination. The structure was determined by using anomalous scattering differences of samarium ions in the crystal at two wavelengths and refined to 2.3 Å (Table 1 ). There are four molecules in each asymmetric unit, and the initial experimental electron density clearly showed the four-helix bundle and two ␤-strands in the molecules. The connecting loops, as well as the N-terminal and C-terminal regions, were built from 2F o Ϫ F c maps. The final model contains four samarium ions, two of which play a role in holding flexible loops. In addition, two calcium ions, and one Tris moiety were built into the structure.
General Features of the Structure. Although there are four SCF protomers in the crystallographic asymmetric unit, the biological dimer is unmistakably recognizable. The four protomers are superimposable except for the N-terminal and C-terminal loop regions. These loops are flexible and adopt multiple conformations in the four molecules in the asymmetric unit. The protomers in the biological dimer are packed head-to-head with almost perfect C2 symmetry (Fig. 1A) . The dimer bends approximately 30°toward the side of the ␤-strands, resulting in an elongated shape with approximate dimensions of 87 Å ϫ 32 Å ϫ 25 Å.
The overall topology of an SCF protomer displays an antiparallel four-helix bundle fold ( Fig. 1 A) , in a manner similar to other short-chain helix cytokines (17) . The helices run up-updown-down, with two crossing ␤-strands wrapped on one side. The side chains of the hydrophobic residues of the four helices pack in the core of each monomer. Cys-4 and Cys-89 as well as Cys-43 and Cys-138 form two intramolecular disulfide pairs. Both disulfide bonds are located at one end (tail) of each protomer away from the dimer interface. The Cys-4-Cys-89 disulfide bond is more exposed than the Cys-43-Cys-138 disulfide bond. The latter is wrapped by the side chains of Val-39, Leu-98, Pro-40, and His-42. This wrapping probably explains why the Cys-4-Cys-89 disulfide bond is more susceptible to chemical reduction than is the Cys-43-Cys-138 bond (18) .
Comparison with Other Growth Factors. SCF belongs to the shortchain helical cytokine family (17, 19) , but its resemblance to the other cytokines is limited to the overall fold. The primary structures exhibit very weak similarity, and sequences can be aligned only by comparison of the secondary structures (Fig. 1B) . The structure of SCF is most similar to the structure of M-CSF (13) . The core four helix bundles of the two proteins superimpose relatively well, with rms deviation of 1.98 Å for the C ␣ atoms. However, upon superimposition of the helices, the two ␤-strands deviate significantly. Two loops in SCF, residues 29-41 and residues 90-98, extrude more than those of M-CSF. At the dimer interface, the SCF loop from residue 61 to residue 72 also extrudes further away from the core and packs against the same loop from the second protomer. This structure results in more contact between the two protomers of SCF as compared with the contact between the two M-CSF protomers (see below). Furthermore, M-CSF is a covalent homodimer linked by an intermolecular disulfide bond, whereas SCF is a noncovalent homodimer. flt3 ligand is also a noncovalent homodimer, but it has an extra intramolecular disulfide bond, as does M-CSF (20, 21) . Nevertheless, the structure of flt3 ligand can be predicted with reasonable confidence on the basis of the crystal structures of SCF described in this report and the previously described crystal structure of M-CSF (20) .
The Dimer Interface. In contrast to the disulfide-linked PDGF and M-CSF homodimers, two other ligands of the same family of RTKs, SCF functions as a noncovalent homodimer. It has been shown that the bivalency of SCF is the sole driving force responsible for dimerization of the extracellular ligand-binding domains of c-kit (22) . Hence analyses of the molecular interactions that control SCF-dimer formation are critical for understanding the mechanism of activation of c-kit. The x-ray structure of SCF shows that there are extensive interactions between the two SCF protomers, with approximately 1,700-Å 2 surface area buried upon dimerization (calculated with a probe of radius 1.4 Å) (23) . This buried surface area accounts for about 20% of the total surface of each individual protomer, and is twice that of the 850-Å 2 buried surface area of the disulfide-linked M-CSF dimer (13) . The SCF dimer interface is composed of loops between ␣A and ␤1, ␣B and ␣C, and can also be divided into three layers ( Fig.  2A) . The bottom layer at the side of the ␤-strands takes part in hydrophobic interactions. Side chains from Tyr-26, Pro-23, Phe-63, and Leu-22 from one protomer pack against corresponding side chains from the other protomer, with Tyr-26-Asp-25Ј and Tyr-26Ј-Asp-25 forming a hydrogen bond circle (Fig. 2B) . These intermolecular hydrogen bond pairs replace the intermolecular disulfide bond between the two M-CSF protomers (19, 24) . Sequence alignment shows that this Tyr-Asp pair is preserved in flt3 ligand, the third member of this family of cytokines, which also forms dimers by noncovalent interactions (21) . At the core of the interface, the side chains of four asparagine residues (Asn-72 and Asn-21 from both protomers) form hydrogen bonds among themselves as well as via a water molecule (Fig. 2 A) . This well-coordinated water molecule forms hydrogen bonds, with an average bond length of 2.7 Å, with the two carbonyl oxygen atoms of the two symmetry-related Asn-21 residues. The top layer involves interactions between loop ␣B-␣C of one protomer against that of the other protomer. These two loops serve as a wedge to bend the dimer toward the side of the ␤-strands. In addition to a dozen hydrogen bonds formed between the two protomers, there are four possible salt bridges, Lys-17-Glu-68Ј, Lys-24-Asp-61Ј, and their symmetry-related counterparts.
Dimerization of SCF is sensitive to pH and salt concentration changes (25) . This property is likely due to the fact that the interface is formed in part by polar interactions via salt bridges at the periphery and by water molecule-mediated hydrogen bonds among buried polar residues at the core of the interface. In an attempt to identify residues that play a role in SCF dimerization, a Phe-63 3 Cys mutant was generated and characterized for receptor-binding activity (10) . It was demonstrated that this mutation led to the formation of a covalent SCF dimer. However, the mutant SCF dimer was biologically inactive. The structure of the SCF interface provides a plausible explanation for the lack of activity of this mutant (Fig. 2 A) . In the structure, the shortest distance between the side chains of the two symmetry-related Phe-63 residues is about 8 Å, with the wellcoordinated water molecule between them. It is impossible to create a disulfide bond between these two residues without disrupting the secondary and tertiary structures of the SCF dimer.
Domain Swapping and the Covalent Dimer of SCF.
Recombinant SCF is expressed in E. coli as inclusion bodies in a denatured form, and an active SCF protein is produced by a procedure involving refolding and oxidation. A small fraction of the refoldedoxidized protein is a covalent disulfide-linked form of SCF (18, 26) . Interestingly, the covalent SCF dimer bound to c-kit with slightly reduced affinity but was more potent in stimulation of hematopoietic cells (25) . Comparison of the secondary and tertiary structures by spectroscopic methods demonstrated that the covalent dimer is indistinguishable from the noncovalent dimer (18) . Surprisingly, the disulfide linkages of the covalent dimer were found to be identical to those in the noncovalent dimer except that the disulfide linkages in the variant protein were intermolecular. That is, Cys-4 and Cys-43 from one protomer form disulfide bonds with Cys-89 and Cys-138, respectively, of the second protomer. It was thus proposed that the covalent dimer could be formed by a three-dimensional domain swapping of helices ␣A and ␣D between the two monomers (18) . A close examination of the structure of SCF shows that the C2 symmetry of the dimer may allow these helices to be swapped between the protomers while preserving the overall structure and surface at the tails of each protomer. Fig. 3 shows a model generated by swapping helices ␣A and ␣D between the two protomers. Interestingly, the interactions at the core between the helices from the original dimer are preserved in the swapped model, whereas the loops around the C2 axis and the orientation of the strands have to be adjusted. The disulfide pairs are identical in the two forms except that they are intramolecular in the noncovalent dimer and intermolecular in the covalent dimer. It is worth noting that other four-helix bundle cytokines such as IL-5, IL-10, and IFN-␤ form similar covalent interdigitated dimers naturally (27) . In IL-5, helix ␣D and strand ␤2 of one protomer, together with helices ␣A, ␣B, and ␣C and strand ␤1 from the other protomer, form one domain of the two-domain dimer. Indeed, because of the symmetric nature of the structure, it was possible to generate monomeric IL-5 mutants (28) (29) (30) . By the same token, new types of interdigitated covalent SCF dimers could be formed by introducing mutations in the loops between helix ␣A and strand ␤1 and between ␤2 and helix ␣D that favor the covalent dimer structure. These similarities in fold and dimeric symmetry among the helical cytokines probably reflect their common evolutionary origin.
Three-dimensional domain swapping is considered to be a general mechanism for the regulation of oligomer assembly: that is, oligomers are formed from stable monomers by exchanging domains during evolution or under controlled laboratory conditions (27) . Under normal physiological conditions, the majority of soluble SCF exists as monomers (10) . The balance between SCF monomers and dimers may be linked to the physiological requirement for activation of c-kit expressed on target cells in vivo. However, for therapeutic purposes, the more potent disulfide-linked dimer is preferred because it can be administered at low doses to avoid significant mast cell activation while stimulating hematopoietic recovery (26) . With the detailed structural information available, it may now be possible to design novel SCF variants with increased therapeutic potency.
A Receptor-Binding Region on SCF. SCF dimers bind soluble or membrane forms of c-kit with high affinity and specificity (22) . The binding of SCF to c-kit was analyzed by biochemical methods, by employing site-directed mutagenesis and by epitope mapping with site-specific anti-c-kit antibodies. It was demonstrated that deletions of residues 1-3 from the N terminus reduced the binding of SCF to c-kit by approximately 50% (9) . Deletion of Cys-4 inactivated SCF, whereas deletion of Cys-138 and additional residues from the C terminus only compromised SCF activity. Moreover, an SCF double mutant, Cys-43 3 Ala and Cys-138 3 Ala, which eliminates one pair of disulfide bonds, resulted in a partially active SCF as well. These experiments demonstrated that the N terminus of SCF and the integrity of the Cys-4-Cys-89 disulfide bond are crucial for full SCF activity.
By analyzing the activities of a variety of SCF͞M-CSF chimeric proteins, it has been shown that Arg-121, Asp-124, Lys-127, and Asp-128 are essential for SCF activity (8) . Moreover, by using antibodies that neutralize different epitopes on SCF, it was demonstrated that the regions flanked by amino acids 61-65 and 91-95 are also essential for SCF activity (31) . In general, the regions mapped by biochemical methods are located in close proximity at the tail region of each SCF protomer. This region contains a deep crevice at the end of ␣C formed by side chains of the hydrophobic residues Phe-102, Leu-98, Pro-34, and Tyr-32, and by the Cys-43-Cys-138 disulfide bridge (Fig. 4A) . Next to the crevice, there are three charged patches: a positively charged patch (Arg-5, Arg-7, and Lys-127) followed by a negatively charged patch (Asp-84, Asp-85, Glu-88, and Glu-92) and then by an additional positively charged patch (Lys-91, Lys-99, Lys-100, and Lys-103). Fig. 4A shows the locations of the positively charged (blue) and negatively charged (red) patches as well as the hydrophobic crevice (yellow). This surface may function as a receptor-binding site with the charged interactions providing anchor and specificity for ligand͞receptor interactions and the hydrophobic interactions providing enthalpy to complex formation.
While human and rodent SCFs are highly conserved, the charged patches that may function as part of receptor binding regions are quite divergent (Fig. 4B) . Arg-5 and Arg-7 in the first positively charged patch of the human SCF are replaced by glycine and proline residues in rodents, respectively. In the second positively charged patch, Lys-100 and Lys-91 are replaced by glutamate residues in both mouse and rat. These changes could account for the difference in the binding affinity of human and murine SCF to the human c-kit (32) .
Natural and CHO-cell-derived recombinant SCF are glycosylated on multiple asparagine, serine, and threonine residues (33) . The receptor-binding properties of glycosylated SCF are consistent with the assignment of SCFR-binding region shown in Fig. 4A . There are four putative asparagine glycosylation sites in the functional core of SCF: Asn-65, Asn-72, Asn-93, and Asn-120. Asn-72 is not glycosylated, probably because its side chain is buried in the dimer interface. However, the side chains of Asn-120, Asn-65, and Asn-93 remain accessible to the solvent in the structure and are indeed glycosylated to different extents. Asn-120 is always glycosylated, but this does not affect the binding of SCF to c-kit. In contrast, Asn-65 and Asn-93 are glycosylated in some, but not all, SCF molecules. Importantly, glycosylation of these asparagine residues has an adverse effect on SCF binding to SCFR (32) . The structure provides possible explanations for the adverse effect of glycosylation of these residues on the activity of SCF. The glycosylation of Asn-93 may hinder SCF binding to c-kit, as this residue is located very close to the acidic patch and to the hydrophobic crevice. On the other hand, Asn-65 is located close to the dimer interface, and glycosylation of this residue may interfere with SCF dimerization.
A Model for the SCF⅐SCFR Complex. The extracellular ligand-binding domains of several RTKs contain multiple Ig-like domains. For instance, the extracellular domains of the fibroblast growth factor (FGF) receptor (FGFR) contain three Ig-like domains, whereas the extracellular domain of the PDGF-receptor family, to which c-kit belongs, is composed of five Ig-like domains. Similarly, the extracellular domain of the vascular endothelial growth factor (VEGF) receptor (VEGFR) contains seven Iglike domains (34) . Although the ligands of these receptors are very diverse, the ligand-binding regions in these three families of receptors have been mapped to Ig-like domains 2 and 3 (22, 35, 36) . The determination of the structures of the ligand-binding domains of FGF and VEGF receptors demonstrated that FGF and VEGF bind differently to their respective receptors. In the FGF⅐FGFR complex, the two receptors are packed side-by-side to one face and the ligands occupy the second face. On the other hand, the two VEGFRs bind to the far ends of the VEGF dimer, creating an H-shaped complex with the ligand representing the cross bar. Because SCF functions as a dimer, we expect that SCF binding to c-kit resembles the structure of the VEGF⅐VEGFR complex (35) . Using the structure of FGFR as a template, we have built a model for Ig-like domains 2-3 as well as 4-5 of c-kit. We then docked Ig-like domains 2 and 3 to the proposed SCF binding surface, adopting the mode of FGFR binding to FGF2 (36) . In addition, we have adjusted the orientation of Ig-like domains 4 and 5 to allow for interactions between domain 4 in the complex as suggested by biochemical studies (37) (Fig. 4C) .
Conclusions c-kit belongs to the family of RTKs that includes M-CSF receptor, PDGF receptor ␣, PDGF receptor ␤, and flt3. Comparison of their primary structures shows that these RTKs are much more conserved than their cognate ligands. Indeed, the structures of PDGF-A and PDGF-B are dramatically different from the structures of M-CSF and SCF and probably also flt3 ligand. The similarity of the RTKs is also reflected in the chromosomal localizations of their human and murine genes (38) . It is thought that this family of RTKs has evolved from a common ancestral gene that has undergone several geneduplication events. It is worth pointing out that RTKs that bind to and are activated by ligands having structures of four helix bundles (i.e., M-CSF, SCF, and flt3 ligand) are primarily involved in the control of hematopoiesis, whereas other members of this family of RTKs exhibit a broader expression pattern and are involved in the regulation of growth and development of several tissues and organs.
SCF has been tested extensively in both animals and humans because of its ability to promote hematopoietic recovery (39 -43) . It has been demonstrated that SCF treatments produce an increase in the number of peripheral blood neutrophils and hematopoietic progenitor cells and modest rises in the numbers of platelets and lymphocytes (44) . SCF, alone or in combination with other cytokines, is used to reduce the hematological damage of chemotherapy. In a separate clinical trial, SCF has also been proven to be effective in enhancing the ability of granulocyte colony-stimulating factor to mobilize peripheral blood hematopoietic progenitor and stem cells. It is believed that these cells can be transplanted to reconstitute the hematopoietic system in patients receiving bone marrow ablative therapy (44) . In view of these clinical observations, determination of the three-dimensional structure of SCF will facilitate the determination of the structure of SCF in complex with the extracellular domain of c-kit, and will enable the design and production of more potent forms of therapeutic SCF analogues.
